Introduction
Janet Rowley's original observation that specific chromosomal abnormalities are associated with specific types of leukemia was pivotal for our current understanding of leukemia biology. 1 The first translocation that she identified was the t(9;22) Philadelphia chromosome, which was later discovered to express the BCR/ABL oncogene, in patients with chronic myeloid leukemia (CML). 2, 3 Breakpoint cluster region (BCR) is a serine/threonine kinase with several interaction domains for proteins such as actin, lipids, and GTP. ABL is a tyrosine kinase that shuttles between the nucleus and cytoplasm and is expressed in many tissues. Under normal circumstances, ABL transmits signals from ligand-stimulated plasma membrane-bound growth factor receptors to influence cytoskeletal changes and other cellular phenotypes. 4 Specific breakpoints in the chromosomal translocation lead to distinct forms of the BCR/ABL protein (p185 BCR/ABL, p210 BCR/ ABL, and p230 BCR/ABL), all of which have constitutive ABL kinase activity (Fig. 1) . For unknown reasons, these are generally found in different types of leukemia; the p210 form is associated with CML, whereas p230 and p185 are associated with neutrophilic leukemia and acute lymphoblastic leukemia, respectively. 5 There are a myriad of other chromosomal translocations that lead to oncogene overexpression or to the formation of leukemogenic fusion proteins like BCR/ABL. One example of overexpression is the t(14;18) translocation that results in BCL2 overexpression and is associated with follicular lymphoma. In this case, BCL2 is translocated to a site adjacent to the immunoglobulin promoter. Similar to BCR/ABL, [6] [7] [8] [9] [10] this oncogene has been found in the blood of healthy leukemia/lymphoma-free individuals. [11] [12] [13] Recently, the presence of the t(14;18) translocation in the blood was shown to be a putative marker for future development of follicular lymphoma. 14 Because follicular lymphoma probably develops over decades, the possibility that some of these cases were asymptomatic undiagnosed patients cannot be ruled out. However, because some of the patients that were ultimately diagnosed with follicular lymphoma did not receive the diagnosis until 20 years later, the authors concluded that it was unlikely that they were affected yet undiagnosed at the time of the original blood sample. There are numerous examples of the formation of oncogenic fusion genes from chromosomal translocations in acute leukemias, including the t (8;21) translocation that results in the fusion of AML1 with ETO to form the AML1/ETO oncogenic transcription.
Although not all humans with BCR/ABL transcripts identified in their hematopoietic system have disease, [6] [7] [8] [9] [10] all patients with classic CML have the BCR/ABL mutation in their hematopoietic system. The progression of BCR/ABL-associated CML is commonly divided into 3 disease stages designated chronic, accelerated, and blast crisis phases. A "pre-disease" or so-called "previvor" phase (defined as a person with a cancer predisposing mutation but no cancer diagnosis; in this case the mutation is not germline but somatic) has also been proposed to exist but has not been studied in depth. [6] [7] [8] [9] [10] Similar to the presence of the t (14;18) translocation in healthy individuals, a proportion of whom were diagnosed years later with follicular lymphoma, 14 it has been difficult to follow disease-free patients with the BCR/ ABL fusion in their bone marrow because of technical challenges related to the accuracy of the blood test.
The prevalence of CML-associated p210 BCR/ABL transcripts in healthy individuals varies with age and reported values range from 10% to 30% of tested adults. Bose et al. found that 27% (n D 15) of healthy individuals had p210 BCR/ABL transcripts in their blood. 9 Biernaux et al. found a 30% (n D 73) positivity rate of BCR/ABL transcripts in healthy subjects aged between 20 and 80 years whereas only 2% (n D 44) of the younger subjects (0 to 13 years) expressed BCR/ABL transcripts. These age-related data were confirmed recently by Ismail et al., who noted that the p210 BCR/ABL transcript was detected in 10% of peripheral blood samples from 189 healthy volunteers in their cohort. In this study, adults were 6 times more likely than children to have BCR/ABL positivity. 10 The authors proposed that this age difference was due to accumulation of DNA damage with increasing age.
None of the studies reporting BCR/ABL positivity in healthy adults investigated which cell types were expressing the fusion gene. However, Bayraktar and Goodman (2010) recently reported the case of a healthy 39-year-old man who had normal blood counts and sustained positivity for BCR/ABL in his bone marrow over the course of 2 years as measured by fluorescent in situ hybridization (FISH) and real-time quantitative reversetranscription polymerase chain reaction (qRT-PCR). 7 This suggests that the BCR/ABL mutation is present in a hematopoietic stem cell. Whether this patient is at risk for developing CML is unknown, and whether such patients should receive imatinib therapy is subject to debate.
Current treatments for chronic phase CML are either maintenance on one of the tyrosine kinase inhibitors (TKI) such as imatinib, nilotinib, or desatinib (for a comprehensive review of such drugs see Khan and Bixby 17 ) or allogeneic stem cell transplantation (SCT) if the patient is unable to tolerate TKI therapy. Although CML can be cured with SCT, finding acceptable donors can be difficult and the high rate of SCT-related complications warrants the use of TKIs as the current standard of care for patients with chronic phase CML. The use of TKIs has revolutionized CML patient care over the past 10 years. Imatinib, the first TKI widely used to treat the disease, has led to a reduction in the 5-year CML mortality rate to that of healthy age-matched individuals. 18 However, only 5% of patients treated with TKIs are ultimately cured; [19] [20] [21] in the majority of patients the disease returns upon TKI discontinuation. 22 These data suggest that although TKIs eliminate the vast majority of CML cells and inhibit disease progression, they do not eliminate the leukemia initiating cells (LICs) that persist and maintain the disease state (Fig. 2) .
Currently, very little is known about the molecular and cellular characteristics of the LICs that are refractory to TKI therapy. This gap in our understanding presents a barrier to developing a cure. One well-studied area of disease persistence is resistance to TKIs as a result of point mutations in the ABL kinase domain (reviewed elsewhere [23] [24] [25] ). However, the persistence of BCR-ABL-"wild type" LICs in patients taking TKIs indicates that in the majority of cases inhibition of the kinase activity is not sufficient to eradicate the LICs. There are several proposed reasons for LIC persistence and it is possible that no single mechanism is involved, but instead a combination of 2 or more. Possible mechanisms include high levels of TKI drug-efflux pumps in the LICs, non-addiction of LICs to the kinase as a result of a quiescent cellular state, either a lack of BCR/ABL expression or a level of expression that is too high for sufficient inhibition by TKIs, or the presence of additional cancer mutations that are not targeted by imatinib. Defective immune surveillance whereby the LIC Figure 1 . Schematic of key domains in the BCR and ABL proteins. BCR is a 143-kDa protein with actin and selfbinding coiled-coil (CC), kinase, GRB2 binding, guanine nucleotide exchange (DH-GEF), lipid binding plekstrin homology (PH), and calcium binding (CalB) domains. ABL is a 123-kDa tyrosine kinase with 2 Src homology domains (SH3 and SH2) that regulate the kinase as well as an actin-binding domain. The p185 BCR/ABL fusion protein is found in acute lymphoblastic leukemia, the p210 BCR/ABL fusion protein is found in chronic myelogenous leukemia, and the p230 BCR/ABL fusion protein is found in chronic neutrophilic leukemia. The red arrows indicate the junction between the BCR and ABL sequences.
avoids immune recognition could also contribute to one or more of these molecular or cellular mechanisms of persistence.
Here, we review current knowledge about the role of BCR/ABL in CML pathophysiology. In particular, we focus on the role of BCR/ ABL in the earliest phases of the disease by discussing data supporting mechanisms that prevent or promote neoplastic transformation of BCR/ ABL mutant cells and that allow them to persist in the presence of TKIs.
BCR/ABL is Necessary for Initiation, Maintenance, and Progression of CML
BCR/ABL is widely believed to be necessary for CML initiation and maintenance because it is a constitutively active tyrosine kinase that feeds into several pro-growth and survival signaling pathways. There are 3 main sets of data that support this idea. First, in structure-function studies using standard cell culture and retroviral models of CML, kinase-dead mutant forms of BCR/ABL are incapable of initiating CML. 26 Second, the ability of imatinib and other TKIs to suppress disease shows that BCR/ABL is required for disease maintenance. 18 Finally, most CML patients have BCR/ ABL in their blood and bone marrow.
Furthermore, because patients who are maintained on TKIs do not usually progress to acute leukemia, the tyrosine kinase activity of BCR/ABL is also thought to be required for CML progression. However, this could reflect disease progression that results from continuous proliferation of BCR/ABL-expressing cells. Unfortunately, some patients maintained on TKIs do progress to the blastic phase, thus treatment with TKIs is not a panacea. The fact that some patients progress while on TKIs suggests that, at least in some cases, progression involves a BCR/ABLindependent mechanism. Moreover, BCR/ABL levels have been reported to increase upon progression from the chronic phase of the disease to the blast crisis phase. 27, 28 A requirement for the BCR/ABL kinase for progression is illustrated by the fact that TKI therapy not only induces molecular remissions in patients, but frequently halts the progression of chronic CML into accelerated phases. 29, 30 It has been proposed that TKIs prevent disease progression by specifically eliminating cells with the highest levels of BCR/ABL. However, the fact that the acute phases of CML are not effectively treated with TKIs suggests that either high BCR/ABL levels are not necessary for the maintenance of these advanced stages, inhibition by TKIs is insufficient because of the high levels of BCR/ABL that accompany these phases, or simply that progression is independent of BCR/ABL. Many model systems, including cell culture, support the hypothesis that BCR/ABL is an oncogene that is necessary (and sufficient) for initiation and maintenance of CML. These models are important tools for understanding how BCR/ABL promotes hematopoietic neoplasia and may help identify new drugs for therapy. However, these models select for the proleukemic properties of BCR/ABL and would not be expected to assay for any opposing tumor suppressor activities. Cultured cells are a commonly used model to assay for transformation by BCR/ABL. Expression of BCR/ABL transforms IL3-dependent hematopoietic cell lines such as Ba/F3 or 32D cells and early primary human hematopoietic progenitors to IL-3 independence, whereas kinase-dead mutants of BCR/ABL do not. 31 It is hoped that the properties of human hematopoietic progenitor cells expressing kinase active BCR/ABL mimic the properties of primary CML cells in patients. However, the formation of leukemia is complex and likely involves not only the effect of BCR/ABL expression within the hematopoietic cells, but also the interplay between BCR/ABL expressing cells and their environmental niche, which contains several stromal cell types.
Animal models of CML are more representative of human disease than cultured cells. These in vivo models are necessary for a comprehensive understanding of CML biology and to identify new therapeutic strategies. The most commonly used animal models are retroviral [32] [33] [34] [35] [36] and non-targeted [36] [37] [38] [39] [40] [41] [42] transgenics. Expression of BCR/ABL in mouse bone marrow by retroviral transduction and bone-marrow transplantation (BTT) consistently induces a myeloproliferative neoplasm (MPN) that resembles CML. 32, 34 The biggest strength of the BTT model is that structure-function studies of mutant forms of BCR/ABL can be efficiently performed to define which domains of BCR/ABL are necessary for leukemogenesis. For example, mice that express kinase-dead BCR/ABL (point mutation at the ATP-binding site of ABL) do not develop leukemia.
In addition to the ABL kinase, certain domains in the BCR portion of BCR/ABL have been found to be important for disease initiation and maintenance. One example is the amino-terminal coiled-coil (CC) oligomerization domain of BCR. This domain is required for activation of the ABL kinase and for the (Fig. 1) . 43, 44 A mutant form of BCR/ABL that lacks the BCR-CC domain (DCC-BCR/ ABL) is kinase dead and does not induce MPN. 45, 46 However, reactivation of the kinase activity of ABL by mutating its SH3 kinase inhibitory domain (through deletion or a point mutation) rescues the defects of the DCC-BCR/ABL and MPN can then be induced. 47 These results demonstrate that the BCR coiled-coil domain is essential for the induction of MPN by BCR/ABL in mice through its ability to activate the kinase activity of ABL. The GRB2-binding motif in the BCR portion of BCR/ABL GRB2 binds the scaffold adapter GRB2-associated binding protein2 (GAB2) and a guanine-nucleotide RAS exchanger. Formation of this complex can activate RAS and promote the recruitment of other signaling molecules ( Fig. 1 and reviewed in detail elsewhere [48] [49] [50] [51] ). Although a large number of signaling proteins have been found to interact with BCR/ABL through its many motifs (reviewed recently by Cilloni and Saglio 52 ), which of these are required downstream targets for leukemogenesis has been difficult to assess. One way to investigate the role of the different signaling proteins/ pathways in the pathophysiology of CML is to test the ability of BCR/ABL to induce disease in murine bone marrow deficient for specific signaling proteins. For example, the demonstration that BCR/ABL still induced a CML-like MPN in Stat5a/b double knockout mice suggests that the STAT5 proteins are not necessary for BCR/ABL-induced disease. 53 The caveat with such conclusions is that retroviral expression of BCR/ABL has certain limitations (see below). Since the levels or BCR/ABL are probably much higher than in the "normal" CML situation due to the presence of multiple copies of the oncogene and expression from a very active retroviral promoter, adaptation of the cells to STAT5 deficiency to generate a CML-like MPN in the absence of 1 or 2 of the many signals that emerge from BCR/ABL is perhaps not unexpected but may not reflect clinical reality.
BCR/ABL Alone is Not Sufficient for CML Induction
It is likely that additional mutations or epigenetic changes in the genome are required together with the BCR/ABL mutation for the development of CML. Indeed, most neoplasms, solid or liquid, are thought to require more than one oncogenic mutation for disease initiation. Although CML has in general been thought to be an exception to this rule, individuals who have BCR/ABL in their bone marrow but do not have disease are reported to be common, [6] [7] [8] [9] [10] suggesting that multiple abnormalities are necessary for CML development. If this is the case, selected expansion of only those cells with the second mutation would be expected and may occur in a small fraction of BCR/ABL-positive but diseasefree individuals. Because most of these BCR/ABL-positive healthy individuals have not been systematically observed, whether they are at risk for disease is not clear. Recently, a large cohort of healthy individuals with the t(14;18) BCL2 translocation were found to develop follicular lymphoma at a low frequency; however, it is not known whether these lymphomas carried new second or third mutations.
14 Another interesting point to consider is that the presence of additional mutations that are required for BCR/ABL to induce CML could contribute to LIC persistence because such mutations would probably not be directly targeted by ABL-specific TKIs. Hence, although the expression of BCR/ABL is necessary for full disease, as evidenced by TKI sensitivity, maintenance of the LICs might not require BCR/ABL but instead be due to an additional mutation. Recently, we developed a conditional knockin allele of BCR/ ABL and found that no CML-like MPN developed in mice expressing BCR/ABL in hematopoietic stem cells (HSCs) and their progeny. 54 There are many other examples of situations where more realistic models of oncogene-induced diseases, such as the AML-associated Flt3-itd knockin 55, 56 or a sporadic T-cell acute lymphoblastic leukemia (T-ALL)-associated MYC activation allele, 57 do not develop disease. These situations contrast with models in which massive oncogene expression in large numbers of hematopoietic cells readily induces leukemias (AML or T-ALL). Our BCR/ABL knockin allele expressed the same human BCR/ABL cDNA as that used in standard retroviral models that do induce a CML-like MPN in mice. 13, 32, 34 However, the human BCR/ABL cDNA was knocked into the endogenous mouse Bcr locus so that it could be conditionally expressed with different tissue-specific Cre transgenes under the added control of the native Bcr regulatory elements. This might explain the limited phenotype of these mice compared to that observed in standard retroviral and transgenic models. All of these models come with several caveats; for example, the standard retroviral and transgenic models express multiple copies of the BCR/ABL oncogene from artificial promoters and the constructs induce integration site mutations, 32, 58 and there is only one knockin model available for study. Although retroviral or transgenic overexpression is sufficient to cause MPN, the limitations of non-physiologic expression levels, random insertion-site mutations, selection during culture (in the retroviral model), and non-specificity of expression timing and locale could artificially select for disease development. Levels of BCR/ABL obtained from the endogenous locus in the knockin model are comparable to levels of mouse Bcr expressed from the other allele in the mice but are clearly not sufficient to cause CML during the lifetime of the mouse. 54 In some human cases the latency of the disease may be longer than the lifespan, possibly explaining why the BCR/ABL mutation is sometimes observed in humans who are free from disease. [6] [7] [8] [9] [10] It is safe to say that, by itself, expression of BCR/ABL in the knockin model is not sufficient for immediate leukemogenesis even though we observed expression of the constitutively active BCR/ABL tyrosine kinase in HSCs and in other hematopoietic progenitors. Instead, cooperating mutations, epigenetic changes, or other strategies appear to be required to overcome the barriers to BCR/ABL-induced transformation in both mice and humans. In support of the idea that additional genetic changes are necessary, we found that BCR/ABL and AML1/ETO compound mutant knockin mice do develop MPN. 54 Furthermore, although human CML occurs at any age, the frequency increases with age and radiation exposure increases the risk of CML after a long latency. Finally, mathematical models predict that 2 or more mutations in the HSC may be needed for CML to develop. 59, 60 It is also possible that the number of leukemic cells that are needed for phenotypic disease is so high that the development of disease from a single transformed HSC requires a significant length of time. In this case, healthy mice and humans with the oncogene might progress to disease only if they live long enough.
Despite the caveats about the various disease models mentioned above, there are data suggesting that different phenotypes in the different models may be attributable to distinct levels of BCR/ABL. Levels of BCR/ABL in the hematopoietic tissues (blood or bone marrow) of patients previously diagnosed with CML are reported to correlate inversely with the rare chance of being "cured" using TKIs alone. 20, 21 These reports have been challenged by others who argue that saying that the patients with low BCR/ABL levels are those who can stop treatment is circular, as only treated patients with low oncogene levels are offered the opportunity to withdraw TKI therapy. Furthermore, there is debate about what defines a low-level positive qRT-PCR result for BCR/ABL. Variations in the assay between different laboratories make it difficult to standardize the definition of undetectable minimal residual disease. Moreover, it is also unclear what a lowlevel positive finding for BCR/ABL actually represents: is it fewer transcripts in many cells or many transcripts from few cells? To circumvent this issue, detection of BCR/ABL DNA has been used to provide evidence of minimal residual disease. Consistent with the need for more than the BCR/ABL mutation for disease to develop, the presence of BCR/ABL DNA in patients in a treatment-free remission does not predict relapse risk.
It has been reported that 40% of the 10% of patients (4% overall) who have a sustained deep molecular response (very low levels of residual BCR/ABL expression) while on TKIs can stop taking the TKI without relapsing. For example, in the STIM 20 and TWISTER 21 clinical studies of TKI discontinuation in patients with a deep molecular remission, BCR/ABL DNA was present in all of the patients in treatment-free remission (or cure) for several years, indicating that eradication of BCR/ABL-containing cells was not responsible for the continued remission. It is possible that cells with BCR/ABL expression were not the source of the original CML clone. Other possibilities include the presence of residual pre-neoplastic single-mutant BCR/ABL-expressing cells, or an added layer of complex immunologic suppression of CML clones.
The presence of the BCR/ABL mutation in the hematopoietic system for several years (e.g., the STIM and TWISTER studies 20, 21 ) supports the hypothesis that normal stem cells with the BCR/ABL mutation survive, but on balance do not perpetuate the disease. CML patients who are in treatment-free remission after imatinib withdrawal yet express the BCR/ABL oncogene in their hematopoietic system 20, 21 are phenotypically similar to healthy BCR/ABL-carrying "previvors". [6] [7] [8] [9] [10] Data from BCR/ABL-expressing cell lines indicate that very low levels of BCR/ABL do not transform cells to factor-independent growth in hematopoietic cell lines. 27 Uncovering the reasons why expression of BCR/ABL from the Bcr locus, at least at low levels, is not sufficient for development of CML will lead to ideas for new strategies to cure CML.
Uncovering Molecular Barriers to Transformation by BCR/ABL
It is believed that the BCR/ABL tyrosine kinase is not required for LIC persistence in the presence of TKIs, i.e., that LICs are not "addicted" to BCR/ABL. 22 LICs that persist in TKI-treated CML are poorly understood cells that probably originate from the HSC population. Because LICs, like HSCs, selfrenew to later produce several proliferating and non-proliferating progenitors they are at any one time a minor fraction of the neoplastic population, making them difficult to study (Fig. 2) . As mentioned earlier, the mechanism(s) underlying the refractoriness of LICs to imatinib treatment are a key clinical mystery. There is currently a large gap in our knowledge about the environmental, genetic, or cellular mechanisms that contribute to LIC persistence that, when filled by analysis of human samples and the most realistic models, will contribute to curing CML.
Understanding the mechanisms of LIC persistence will provide key information about not only the molecular changes that enhance BCR/ABL-mediated transformation, but also those that block it. Ultimately, such understanding will lead novel therapies for CML. Recent clinical data from the STIM 20 and TWISTER 21 studies, as well as those from healthy individuals with sustained BCR/ABL in their bone marrow, [7] [8] [9] suggest there are molecular barriers to transformation by BCR/ABL.
First, the inherent properties of BCR/ABL may present a molecular barrier to transformation. BCR/ABL is in fact a relatively weak oncogene compared to others. For example, expression of the AML-associated fusion oncogene MOZ-TIF2 in common myeloid progenitors (CMPs) (Fig. 2) and granulocyte monocyte progenitors (GMPs) induces leukemia in the BTT model. 61 In contrast, BCR/ABL fails to induce disease when it is expressed in HSC progeny such as CMPs and GMPs using the same system. However, this difference between BCR/ABL and other, stronger, oncogenes may be due to the induction of simultaneous and opposing transformative and tumor suppressive signals by BCR/ABL. Hence, a greater ability to transform certain cell types in vivo may reflect either stronger oncogenic properties or weaker barriers to transformation in those cells.
Because the BCR/ABL knockin mice did not develop disease, we posit that physiologic BCR/ABL expression may in fact be insufficient for development of CML because the balance of tumorigenic and tumor suppressive pathways favors tumor suppression. It is possible that adaptive changes in gene expression or secondary mutations arise when BCR/ABL is expressed from the endogenous locus in mice to prevent the development of disease. A corollary is that the MPN induced in retroviral or transgenic models may be due, at least in part, to insertion mutations or very high levels of BCR/ABL expression that overcome the BCR/ABL-induced tumor suppressive pathways. In support of the idea that tumor suppressive forces put brakes on the promotion of disease induction or progression by BCR/ABL, Sherr and colleagues discovered that a deficiency of Arf in mice leads to induction of a more aggressive acute lymphoblastic leukemia following retroviral expression of either p210 or p185 BCR/ ABL. 62, 63 Further in-depth non-biased analyses of transformation-protective changes in gene expression or mutations induced by BCR/ABL in the disease-free BCR/ABL knockin mice and in HSCs from humans who have the BCR/ABL mutation but do not have disease will provide clues to how the leukemogenic tendencies of BCR/ABL are suppressed.
Future Steps Toward a Cure
A deeper understanding of the role of BCR/ABL in the pathophysiology of CML is a necessary step to overcome the persistence of LICs even after years of continuous TKI therapy.
There is a need for more realistic in vivo models to provide a better understanding of why current therapies fail to eradicate LICs. The use of a murine stem-cell retroviral vector to express BCR/ABL in hematopoietic stem/progenitor cells has resulted in improved model systems in which MPN similar to CML develops consistently. 64 The disease induced in this model includes increased numbers of peripheral-blood myeloid cells, hepatosplenomegaly with extramedullary hematopoiesis, and granulocyte infiltration elsewhere. In addition, the retrovirally induced disease is oligoclonal and transplantable into secondary recipient mice. The ability of BCR/ABL to induce a CML-like MPN in mice more efficiently and reproducibly using a murine stem-cell vector is probably the result of successful expression of BCR/ABL in the cell type that can evolve into a MPN. Nonetheless, this model expresses massive levels of the oncogene, can result in random integration site mutations, and uses cell culture prior to transplantation, which could lead to clonal selection of resultant mutant cells in an artificial system.
Generation of knockin mouse models of CML has been problematic and is an area for continued future work. Early germline knockin mice produced through expression of BCR/ABL from the Bcr promoter were reported to exhibit embryonic lethality that was presumed at the time to be due to the toxicity of the constitutively active tyrosine kinase during embryonic development. 65 However, because conditional expression of BCR/ABL in embryonic and adult HSCs (using the Vav-Cre transgene to drive expression) or germ line knockin of BCR/ABL did not display embryonic lethality in our studies, these earlier models probably had additional lethal mutations that were not detected at the time. 54 However, because this new BCR/ABL knockin model expresses an intronless cDNA and both alleles of Abl are intact it does not perfectly mimic the human mutation.
Prospective serial screening of a large series of healthy individuals to determine whether the presence of the BCR/ABL oncogene in the blood predicts future development of CML would be of interest. This notion is supported by the fact that BCR/ABL knockin mice 54 do not develop disease, together with the existence of healthy CML-free humans with BCR/ABL in their hematopoietic system. [6] [7] [8] [9] [10] However, because CML occurs at a frequency of 1 to 2 cases per 100,000 per year, a very large cohort would be needed coupled with analysis of an equal number of individuals without BCR/ABL transcripts or DNA in their peripheral blood or bone marrow. This screening would be similar to recent studies showing that the t(14;18) translocation is found in healthy individuals and could be considered the bestknown predictive marker for the development of follicular lymphoma.
14 Together with data on chronic lymphocytic leukemia/ monoclonal B-cell lymphocytosis and multiple myeloma/monoclonal gammopathy of undetermined significance, these findings on follicular lymphoma suggest that the t(14;18) translocation is another premalignant state that has the potential to progress into a full-blown hematopoietic neoplasia.
The patient material used in the study of t(14;18) as a putative marker of follicular lymphoma may be useful for CML studies. The t(14;18) study used a large European cohort of more than 500,000 healthy individuals who were followed for cancer for more than 15 years. The researchers identified 100 patients who were diagnosed with follicular lymphoma during follow up and found that they had the t(14;18) translocation in their original blood samples. We propose that these same DNA samples could be used to search for individuals in this cohort with BCR/ABL mutations who have, or have not, gone on to develop CML. As the incidence of CML is estimated to be half that of follicular lymphoma we predict that there might be 50 patients who were diagnosed with CML over the 15-year observation span of this cohort. If this study group contained a fraction of healthy individuals harboring the t(9:22) translocation that ultimately went on to develop CML years later, BCR/ABL positivity could be considered a premalignant state that has the potential to progress to a hematopoietic neoplasia.
Finally, the expression patterns of stem cell progenitors in healthy individuals with BCR/ABL in their bone marrow compared with patients with chronic phase CML have yet to be studied. Additional clinical data and more realistic mouse models will provide new insights into the in vivo mechanism of tyrosine kinase-associated leukemogenesis, including the additional mutations necessary for disease development. Improvements in our ability to study the basic science of tyrosine kinase transformation in vivo will improve our ability to positively influence patient outcome.
Combining current basic science and clinical knowledge to understand why some patients with the BCR/ABL fusion do not have disease and why BCR/ABL knockin mice are disease-free will provide groundwork for the next steps toward new therapies. To bridge the knowledge gaps, it will be necessary to identify cooperating mutations in mice and/or sequence CML cells from patients with chronic-phase disease. Pressing questions include whether there are BCR/ABL cooperators that are required for CML to develop, whether individuals with BCR/ABL without disease later progress to CML, and whether the treatment-free "cured" state is protective against further disease. Clearly, there is more to learn about the chronic phase of CML, which appears to be caused by more factors than simply the presence of a single BCR/ABL mutation.
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